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We have investigated the dynamics of phenylene rings in a glassy polysulfone
~bisphenol-A-polysulfone! by means of quasielastic neutron scattering. Nowadays it is well known
that these molecular motions are directly connected with the mechanical properties of engineering
thermoplastics in general. The particular system investigated by us has the advantage that by
selective deuteration of the methyl groups, the neutron scattering measured is dominated by the
incoherent contribution from the protons in the phenylene rings. In this way, the dynamics of such
molecular groups can be experimentally isolated. Two different types of neutron spectrometers: time
of flight and backscattering, were used in order to cover a wide dynamic range, which extends from
microscopic (10213s) to mesoscopic (1029 s) times. Moreover, neutron diffraction experiments
with polarization analysis were also carried out in order to characterize the structural features of the
sample investigated. Fast oscillations of increasing amplitude with temperature andp-flips are
identified for phenylene rings motions. Due to the structural disorder characteristic of the amorphous
state, both molecular motions display a broad distribution of relaxation times, which spreads over
several orders of magnitude. Based on the results obtained, we propose a model for phenylene rings
dynamics, which combines the two kinds of molecular motions identified. This model nicely
describes the neutron scattering results in the whole dynamic range investigated. ©2004
American Institute of Physics.@DOI: 10.1063/1.1630013#
I. INTRODUCTION
Engineering thermoplastics have an important techno-
logical significance owing to their good mechanical and ther-
mal properties that make them suitable for a huge number of
applications. Their interesting ultimate mechanical properties
are probably related to the ability of these polymers to ac-
commodate a stress with highly activated molecular motions.
This is why considerable efforts have been made to identify
the molecular origin of the secondary relaxations in phe-
nylene polymers, mainly the origin of the so-called
g-relaxation. Covering a broad frequency range
(1023– 109 Hz) mechanical~MS! and dielectric~DS! spec-
troscopy techniques allow a good characterization of the
shape and characteristic frequency of secondary relaxations
with temperature, but they do not provide microscopic infor-
mation. To our knowledge the experimental study of molecu-
lar motions below the glass transition temperatureTg has
been mainly approached by nuclear magnetic resonance
~NMR! techniques. Up to date, only very few works1–3 have
exploited neutron scattering~NS! techniques for studying the
molecular motions behind the secondary relaxation in poly-
mers. In this direction, we are involved in the study of the
problem of sub-Tg molecular motions giving rise to the sec-
ondary relaxations in engineering thermoplastics by means
of NS techniques.
Numerous MS4–12 and DS13–15 experiments in substi-
tuted polycarbonates, copolymers, and blends, suggest that
the g-relaxation~located at;273 K at 1 Hz! is due to the
cooperative motion of several units and is closely related to
phenylene ring motion. Some p-phenylene polymers present
in addition tog-relaxation, another relaxation—calledd—at
even lower temperatures~;100 K and 1 Hz! which is also
attributable to motions involving phenylene rings.10 We note
that the rotation of one ring itself would not lead to large
dielectric and mechanical losses. Therefore, it seems unlikely
to be the origin of the secondary relaxation unless it is co-
operatively linked to the motions or is part of the mechanisma!Electronic mail: wapcolej@sq.ehu.es
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causing the relaxations and therefore monitoring them, as has
been repeatedly suggested in the literature.13,15–27
NMR studies of the molecular motions taking place in
glassy polycarbonates belowTg show that the main charac-
teristic motions in these systems consist ofp-flips of the
phenylene rings around the C1C4 axis~see Fig. 1!, oscilla-
tions of the ring about the same axis, and some small ampli-
tude main-chain reorientation.16,18,28–32The activation en-
ergy for the flipping process found by NMR correlates well
with that obtained from MS and DS for theg-relaxation.
Moreover, polymer structural modifications or the addition
of several additives usually have similar effects on the ring
motion seen by NMR, and on the secondaryg-relaxation
seen by MS or DS.14,17,22,29,33,34 This correlation has
strengthened even more the idea of a close relationship be-
tween phenylene ring motion andg-relaxation. On the other
hand, theoretical calculations and molecular dynamics simu-
lations on systems containing phenylene rings qualitatively
agree with the type of motions observed experimentally by
NMR depending on the time range examined.25–27,35–40
However, the exact mechanism leading to the occurrence of
these flips or the role of the flips on the mechanical proper-
ties is not yet clear. There is not a consensus on questions
like, up to which extent and in which way do the inter- and
intrachain interactions affect the flipping process, or whether
the ring flip needs cooperative motion of different units
along the chain or not.7,35,41
NS is a very suitable technique for the study of dynamic
processes from a microscopic point of view, offering both
space and time resolution at a molecular level, and allowing
a straightforward data interpretation within the framework of
the neutron scattering theory.42,43 In addition, NS together
with selective deuteration allows us to highlight the dynam-
ics of a particular atom or molecular group in the system. In
contrast to2H-NMR techniques, the scattering from hydro-
gen dominates the measured signal in NS. Therefore, using
NS we can avoid the possible mass isotope effects of deute-
rium in 2H-NMR technique, in which deuterium is used to
enhance the signal of a particular atom. Moreover, NS allows
us to extend the investigation of molecular motions to high
frequencies/short time scales, up to 0.1 ps. This can be very
useful to study main chain motions and small angle oscilla-
tions of phenylene rings, which seem to be very closely re-
lated to the mechanism, the flips, and the frictional sliding of
chains during deformation.9,11,18,25,27,36,44–46
Recently, we have approached the problem of the iden-
tification of the molecular motions giving rise to the second-
ary relaxation belowTg in engineering thermoplastics by
means of NS techniques. The final purpose of such a work is
to shed new light on the questions discussed above by com-
paring the sub-Tg dynamics, as observed by NS, in the mi-
croscopic (10213– 10211s) and mesoscopic (10210– 1029 s)
time scales for some engineering thermoplastics derived
from bisphenol-A~BPA! unit ~see Fig. 1!. Some preliminary
results on the phenylene ring dynamics of BPA polycarbon-
ate ~PC! and polysulfone~PSF! in these two windows have
recently been published by us.47,48 In the above-mentioned
previous analysis, the existence of differences in the motion
of phenylene rings within these two polymers47,48 became
evident. The mentioned preliminary analysis in the
mesoscopic47 and microscopic48 windows was carried out
independently using one model for each time range. Now, in
this paper we propose an appropriate model for PSF which
describes in a more accurate way the features of the phe-
nylene rings dynamics in both time ranges: microscopic and
mesoscopic.
The paper is organized as follows: First, the experimen-
tal conditions and a short introduction to NS experiments
together with some theoretical aspects of the scattering func-
tion for a localized motion are given; thereafter, Sec. III
deals with the experimental results obtained for the two time
scales and also from diffraction measurements with polariza-
tion analysis; in Sec. IV the model is proposed and, finally,




The chemical formula of the studied engineering ther-
moplastic, PSF of bisphenol-A with deuterated methyl
groups (d6) is shown in Fig. 1. Molecular weight and poly-
dispersity of the sample supplied by Polymer Source were
Mn516 400 gr/mol andMw /Mn51.7. Differential scanning
calorimetry measurements lead to aTg value of 460 K.
Samples were vacuum heated nearTg for 48 h prior to the
NS experiments.
B. Neutron scattering experiments
The quantity assessed in a neutron scattering experiment
is the double differential cross section: the number of scat-
tered neutrons into a solid angle betweenV and V1dV,
after having exchanged an energy betweenE and E1dE
with the sample, relative to the number of incident neutrons.
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where the sums ina andb range over all the different atomic
species~O,C,H,D...!; the sum ini and j over all the atomic
positions;ko and k are the momentum for the incident and
scattered neutrons;Q is the momentum transferQ5k2ko ;
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v5E/\; bi , scoh
a , and s inc
a are the so-called scattering
length, coherent cross section, and incoherent cross section,
respectively, which give the magnitude of the neutron–
nucleus interaction; andr i(t) is the position of thei nucleus
at time t.
The incoherent scattering functionSa
inc(Q,v) is the Fou-






2p\ E exp~2 ivt !Sainc~Q,t !dt. ~2!
The double Fourier transform ofSa
inc(Q,v) yields the
self part of the Van Hove correlation function,Gself
a (r ,t),
which gives the probability of a given nucleus of kinda to
be at a timet at a distancer from its initial position. Thus,
incoherent scattering looks at correlations between the posi-
tions of the same nucleus at different times. The relation
between scattering function and Van Hove function allows a
straightforward data interpretation within the framework of
the neutron scattering theory. On the other hand, the coherent
scattering informs about relative positions of atomic pairs,
i.e., collective dynamics. In the static case~diffraction ex-
periment! it reveals the corresponding partial static structure
factor. According to Eq.~1!, it turns out that the contribution
corresponding to the nucleus whose cross section (sa) is the
highest dominates the NS signal. Systems like polymers are
usually composed of H, D, C, and O. Hydrogen exhibits a
very high value for the incoherent cross section,s inc
H
580.27 barns and, therefore, its scattering dominates the
measured intensity. The rest of the coherent and incoherent
cross sections—and the mixed products 4pbiabj b—for the
nuclei in these systems are much smaller~'5 barns!. Nev-
ertheless, in the most general case the resulting experimental
scattering functionI exp(Q,v) comprises both coherent and
incoherent contributions. As in this work we are interested in
the study of the phenylene ring motions, samples with deu-
terated methyl groups~MG! have been used. In this way, the
scattering from MG is strongly suppressed. The total coher-
ent and incoherent scattering cross sections per monomeric
unit are 230 and 1297 barns, respectively. On the other hand,
the incoherent cross section of the aromatic hydrogenHar
within phenylene rings is 1284 barns/monomer. Thus, the
signal is highly dominated bySHar
inc (Q,v). A last general
comment on NS spectrometers concerns their limited energy
resolution. The measured functions are affected by the instru-
mental resolution functionR(Q,v), which is the spectrum
that would result after a purely elastic~\v50! scattering







5I ~Q,v! ^ R~Q,v!. ~3!
The instrumental resolution functionR(Q,v) can be de-
termined from the scattering of the sample at very low tem-
perature, where all the dynamic processes are frozen and






The functional form of the incoherent scattering function of
Eq. ~2! depends on the particular motions we are consider-
ing. In a glassy polymer belowTg the atomic motions must
be localized in space, since large amplitude correlations do
not decay before the setup of the glass transition. The inco-
herent intermediate scattering function for a localized motion
of generic kind ‘‘m’’ has the general expression42,49
Sm
inc~Q,t !5EISFm~Q!1@12EISFm~Q!#f~ t,Gm!, ~5!
where f(t,Gm) is a normalized relaxation function@f(t
50)51 and f(t→`)50]; Gm is the characteristic fre-
quency of the motion and depends onT; and EISF is the
so-called elastic incoherent structure factor. In the most












if the Fourier transform of Eq.~5! is considered. Figure 2
shows a schematic representation of the generic incoherent
intermediate scattering function for a localized motion in the
time domain. A Debye–Waller factor~DWF! accounting for
the intensity decayed by processes faster than the time scale
considered diminishes the measured signal. The EISF(Q)
determined by thet→` limit of Sinc(Q,t) ~see Fig. 2! gives
information about the geometry of the motion.42,49For jumps
between two equivalent positions at a distanced, the EISF is
given by42
FIG. 1. Molecular formula for polysulfone-d6.
FIG. 2. Schematic representation of an intermediate scattering function for a
localized motion. Shadowed area represents the quasiclastic decay due to the
motion considered.
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which is an oscillatory function around 0.5 with the first
minimum located atQ53p/2d. For instance, in the case of
a p-flip of the phenylene ring the aromatic hydrogens (Har)
perform a jump between two equivalent positions separated
by a distanced54.3 Å. The EISF corresponding to such a
motion displays its first minimum atQ;1 Å21.
1. Diffraction with polarization analysis: D7
Experimentally it is possible to separate the coherent and
incoherent contributions to the scattering by using a spin-
polarized neutron beam and polarization analysis.43 The
measurements with polarization analysis reported here were
carried out by means of the D7 spectrometer at the Institute
Laue Langevin~ILL, Grenoble, France!. We performed mea-
surements without energy analysis at low~;10 K! and am-
bient~300 K! temperatures for structural characterization and
quantification of the relative contribution of the coherent and
incoherent components to the total intensity. This informa-
tion has been used for the analysis of the measurements with
time resolution. The wavelength used at D7 was 4.84 Å,
allowing us to cover aQ range 0.16<Q<2.51 Å21.
2. Dynamic measurements
Quasielastic NS measurements were carried out in two
dynamic windows~microscopic:.10213– 10211s and meso-
scopic:.10210– 1029 s by means of the IN6 time of flight
and the IN16 backscattering spectrometers, respectively.
Both instruments are also located at the ILL. A flat sample
~thickness: 0.26 mm! in an aluminum container was used.
The resulting transmission was close to 90%, so that possible
multiple scattering contributions could be neglected. Raw
data were corrected for the detector efficiency, sample con-
tainer, and absorption, and also time of flight to energy trans-
fer ~\v! converted, in the case of time-of-flight measure-
ments, by means of the standard programs available at the
ILL.
For the time-of-flight~TOF! measurements on IN6~mi-
croscopic time scale! an incident wavelength of 5.12 Å was
used; the resulting resolution had a half width at half maxi-
mum ~HWHM! of about 43meV. The scattering angleu ex-
tended from 11.5° to 113.5°. The energy window ranged
from ;22 to some hundreds of meV. The scattering function
I exp(Q,v) was obtained fromI exp(u,v) by means of a stan-
dard interpolation program. After this procedure the elasticQ
range accessed was 0.32<Q<2 Å21. For backscattering
measurements~mesoscopic time range! an incident wave-
length of 6.27 Å was used, covering aQ range between 0.2
and 1.9 Å21 and an energy window from215 to 15meV
with 0.5 meV ~HWHM! resolution.
Energy resolved spectra were recorded at 10 K@for de-
terminingR(Q,v)] and from 50 K up toTg every 50 K.
III. RESULTS
A. D7: Polarization analysis and structural
characterization
In an NS experiment without energy analysis, the single
differential cross section,ds/dV, is measured. It is defined
as the integral over the energy of the double differential cross
section @Eq. ~1!#. D7 measurements resulted in the total
~dashed line!, incoherent~dotted line!, and coherent~solid
line! differential cross sections shown in Fig. 3. In the same
figure, the arrows indicate the calculated values for the
high-Q limit of the coherent scattering,( Nascoh
a , and of the
incoherent cross section( Nas inc
a . The coherent scattering
revealing the structural information has a maximum at
aroundQmax;1.25 Å
21. This maximum mainly results from
intermolecular correlations at distances 2p/Qmax;5 Å.
50
Another relative maximum atQ;0.45 Å21 involving longer
correlation distances~on the order of;14 Å! can also be
resolved. The high temperature~300 K! coherent scattering
function ~gray line in Fig. 3! is very similar to the low tem-
perature one. On the other hand, although hydrogen incoher-
ent scattering dominates the total intensity, this still shows a
non-negligibleQ-modulation produced by the coherent con-
tribution. As a consequence, to properly reproduce the ex-
perimental intensities it will be necessary to introduce coher-
ent contributions when modeling the scattering cross section.
B. IN6: Microscopic timescale
Figure 4 shows the scattering functionI exp(Q,v) ob-
tained by means of IN6 for PFSd6 atQ51.9 Å21 and dif-
ferent temperatures. The boson-peak characteristic of glass-
forming systems can be identified in theI exp(Q,v) function at
energies;0.9 meV. When moving from lower to higher tem-
perature, a quasielastic contribution appears inI exp(Q,v) fill-
ing up the region between the boson peak and the elastic
resolution, smearing out the boson peak. On the top of Fig. 4,
the mean square displacement~m.s.d. ^u2&) deduced from
the Debye–Waller factor (DWF5exp@2^u2&Q2/3#) is shown
as a function ofT. The DWF at eachT has been determined
from the elastic intensity normalized to the low-T ~10 K!
elastic intensity. The m.s.d. at low temperatures follows the
FIG. 3. Total~dashed line, 10 K!, incoherent~dotted line, 10 K!, and coher-
ent ~solid line, 10 K and gray line, 300 K! differential cross sections mea-
sured for PSFd6 by D7. The horizontal arrows represent the high-Q limit of
the coherent scattering~solid arrow! and the total incoherent cross section
~empty arrow!.
426 J. Chem. Phys., Vol. 120, No. 1, 1 January 2004 Arrese-Igor et al.
linear T dependence characteristic of harmonic vibrations
~the extrapolation of the linear fit atT<150 K is shown in
the inset of Fig. 4 by a dotted line!. The nonlinear increase of
the m.s.d. atT.200 K could be attributed to the onset of
anharmonic vibrations, to the so-called ‘‘fast dynamics,’’ or
even to some relaxation process.51 In order to uncouple phe-
nylene motions from other ‘‘fast dynamic processes’’ taking
place at times shorter than about 1–2 ps, theI exp(Q,v) spec-
tra were Fourier transformed~FT! to the time domain. By
this procedure we additionally have the possibility of getting
rid of the instrumental resolution effects on the spectra di-
viding the FT of the scattering function at each temperature,
I exp(Q,t,T), by the FT of the scattering function at the lowest
temperature measured,I exp(Q,t,10 K). We thus obtain the in-
termediate scattering function S(Q,t)
5I exp(Q,t,T)/Iexp(Q,t,10 K). Since the temperature depen-
dence of the structure factor is very weak,S(Q,t) is ex-
pected to be a normalized function~its value fort50 is 1!.
In Fig. 5 the intermediate scattering functionsS(Q,t) corre-
sponding to the curves shown in Fig. 4 are represented as a
function of the logarithm of time~logt!. All the S(Q,t) ex-
hibit a first steep decay fort&2 ps due to vibrational and
‘‘fast’’ processes. After this first step, forT,200 K and times
*2 ps theS(Q,t) functions stay constant; however, forT
*200 K a second smooth decay appears for longer times.
The motions at*2 ps produce a relatively small decrease of
the S(Q,t) function in comparison to that produced by mo-
tions faster than 2 ps. Thereby, the increase of the m.s.d. with
T, which reflects the decrease of the elastic intensity, is
mainly due to motions faster than;2 ps.
The existence of a steep decay in theS(Q,t) at times
shorter than;2 ps is not a special characteristic of engineer-
ing thermoplastics. Similar results have also been reported
for many glassforming systems. This behavior is usually as-
cribed in the literature to vibrations and fast dynamic
processes.52–63 The origin and characterization of these mo-
tions is beyond the scope of the present work. Our goal in
this paper is to identify the origin of the second decay of the
intermediate scattering function, which may be related to the
secondary relaxation processes in PSFd6. Thus, in the fol-
lowing, we will focus on timest*2 ps and we will account
for vibrations and ‘‘fast processes’’ faster than 2 ps with an
effective Debye–Waller factor (DWFeff).
The quasielastic decay observed between 2 and 30 ps is
very smooth and small in magnitude, less than 0.1 for allT.
The relatively high elastic contribution present makes diffi-
cult the quantitative analysis of the data throughS(Q,t). For
this reason, we have characterized the second decay att
*2 ps by taking the derivative of the intermediate scattering
function. According to Eq.~5! this magnitude reflects the
quasielastic features and gives very useful information about
the geometry and dynamics of the motion involved. Thus,
S(Q,t) has been fitted to a linear function of logt in the time
range between 2 and 30 ps, and the slope of the fit has been
analyzed as a function ofQ and T. Figure 6 displays the
absolute value of the slope of the linear fit ofS(Q,t) be-
tween 2 and 30 ps
A~Q,T!5udS~Q,t !/dlogtu, ~9!
as a function of temperature forQ values around 0.88@Fig.
6~a!# and around 1.8 Å21 @Fig. 6~b!#. From this kind of rep-
resentation, the onset of a process atT>200 K as well as the
setup of the glass transition in the vicinity of 460 K can be
easily recognized.
The Q dependence of the quasielastic intensity com-
prises the spatial information of the motion under consider-
ation. As already mentioned~see the diagram in Fig. 2! this
intensity is in addition affected by the decay induced by
faster processes. We have taken as a first approach to the
DWFeff the S(Q,t52 ps) level at different temperatures@in-
tersections between the arrow and theS(Q,t) functions in
Fig. 5#. In the following we will call it DWF2 ps. Figure 7
shows the slope ofS(Q,t) divided by DWF2 ps@B(Q,T)
5A(Q,T)/DWF2 ps#, as a function ofQ. The division by
DWF2 ps allows us to remove theQ dependence produced by
faster processes from that caused by the motion under inves-
tigation @from that of@12EISF(Q)# in Eq. ~5!#. In the con-
FIG. 4. Scattering function measured on PSFd6 by IN6 atQ51.94 Å21 and
at temperatures: 10 K~dashed line! and from 50 to 500 K every 50 K~solid
lines from bottom to top!. The inset shows the m.s.d. as a function ofT.
Open circles have been experimentally obtained from the decrease of the
elastic intensity~see the text!; the dotted and dotted-dashed lines represent
the vibrational m.s.d. and the m.s.d. associated with the DWFeff .
FIG. 5. Intermediate scattering functions obtained from the curves shown in
Fig. 4 ~sameQ andTs) after being Fourier transformed to the time domain
and then divided by the counterpart at 10 K. Dotted lines between experi-
mental points are guides for the eye. Dashed lines are the description ob-
tained with the model proposed for timest.2 ps~the limit for applicability
of the model is indicated by the vertical arrow!.
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struction of Fig. 7, a multiplying factor~consistent with Fig.
6! has been applied to the different temperatures in order to
scale all the data to a reference temperature of 300 K. The
Q-dependence observed rules outp-flip motion to be the
main source of the quasielastic signal in this time/
temperature range. As it has been stated above, such a move-
ment would lead to a maximum in the quasielastic intensity
via a minimum in EISF(Q) at Q;1 Å21 ~see the dashed line
in Fig. 7!, which does not agree with the experimental re-
sults. On the contrary, the observedQ dependence is com-
patible with that which would be observed in the case of
small distance jumps withd;1.5 Å ~dotted lines in Fig. 7! or
small angle oscillations around zero@solid line in Fig. 7~a!#.
The extension of this analysis to higher temperatures@Fig.
7~b!# shows a gradual change of theQ shape ofB(Q,T). As
the temperature increases, a sort of ‘‘hump’’ emerges at the
position of the maximum of the modulation expected for a
p-flip.
C. IN16: Mesoscopic time scale
Figures 8 and 9 show the scattering functionI exp(Q,v) of
PSFd6 measured in the mesoscopic time scale for several
temperatures andQ values. High temperature spectra are
clearly broader than the resolution~Fig. 8!. Moreover, the
extent of the broadening at a given temperature depends on
the Q value, the broadening being stronger atQ;1.06 Å21
than atQ;1.85 Å21 ~Fig. 9!. Due to the low values of the
quasielastic intensity~Fig. 8 is plotted at a scale;1% of the
maximum value!, an analysis involving integrated intensities
is more suitable. Thus, we have integratedS(Q,v) in differ-
ent energy ranges: we have defined ‘‘elastic intensity’’ as the
integral between22 and 2meV; and ‘‘quasielastic intensity’’
as the integral between 2 and 5meV ~shadowed area in Figs.
8 and 9!. Figure 10 shows the resulting integrated intensity
values as a function of temperature at a constantQ. Several
Q values around 0.88 and 1.85 Å21, respectively, have been
depicted to somehow quantify the scattering of the data. The
logarithm of the integrated elastic intensity begins to deviate
from the linearT dependence corresponding to harmonic vi-
brations ~deduced from TOF elastic data atT<150 K and
represented by a dashed line in Fig. 10! at about 200 K~see
Fig. 10!. Simultaneously, an increase of the integrated quasi-
elastic intensity is observable, indicating the onset of a mo-
tion in the dynamic range accessible by IN16. Figure 11
shows, for different temperatures, the ratio between the
quasielastic and the total integrated intensities in the IN16
window as a function ofQ. In this way, theQ dependence
introduced by vibrations and processes faster than the IN16
window is removed. As we have seen before@Eq. ~5!#, once
DWF’s Q dependence is eliminated, the quasielastic intensity
follows the Q modulation imposed by@12EISF(Q)#. In
contrast to theQ dependence observed in time-of-flight data,
here there is a clear maximum atQ;1 Å21, indicating a
larger displacement for the main motion observed in this
time scale. In fact, at high temperature the modulation of
FIG. 6. Calculated~solid lines! and experimental~symbols! A(Q,T) as a
function of temperature forQ;0.88 Å21 ~a!, andQ;1.8 Å21 ~b!. Vertical
arrows indicate the glass transition temperature.
FIG. 7. ScaledB(Q,T) at the various temperatures labeled in the figure.
Lines are the@1-EISF~Q!# functions: for jumps between two equivalent po-
sitions separated a distanced;4.3 Å ~dashed line! and d;1.5 Å ~dotted
line!; and for a distribution of jump distances~ olid line! resulting from
amplitude distributed oscillations of phenylene ring around 0° and width
30°.
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these data is compatible with that corresponding to the jump
of an Har participating in ap-flip @that of Eq. ~8! with d
54.3 Å, dashed line in Fig. 11#.
IV. MODEL
A. Proposed scenario
The different geometry~Q modulation! observed for the
data in the microscopic and mesoscopic time scales makes
clear the existence of at least two different motions. It is
known that phenylene rings performp-flips in several sys-
tems with characteristic times that would produce quasielas-
tic broadening in the mesoscopic time scale at
T*300 K.16,18,29,32 The obtainedQ dependence for the
quasielastic intensity in backscattering data~Fig. 11! agrees
with that which would be observed in the case of ap-flip
motion. Thus, we can identify the main motion observed in
the mesoscopic time scale as phenylenep-flips over an en-
ergy barrier between two energetically equivalent equilib-
rium positions. On the other hand, the main motion causing
S(Q,t) to decay in the microscopic time scale above 2 ps
must involve small displacement ofHar , since theQ modu-
lation in Fig. 7 shows no sign of maximum belowQ
;2 Å21 ~at least forT,450 K). It is difficult to imagine a
relatively fast and low amplitude motion forHar other than
oscillations of the phenylene rings around C1C4 axis or
small main chain reorientation. Several NMR investigations
by deuteron andC13 NMR have already established the need
to introduce small angle oscillations in their fast limit in
order to better reproduce the measured line shapes.16,28,30,32
In addition, molecular dynamics simulations and quantum-
mechanical calculations show broad distributions of rota-
tional angles around their equilibrium values for phenylene
rings,26,27,36,64–67indicating that not only one possible equi-
librium position exists but a rather broad minimum, and thus,
supporting the scenario of fast small amplitude motion
within this minimum. The amplitudes proposed in the litera-
ture for main chain reorientation18,37,68seem to be too small
to explain the features observed in our experiments. There-
FIG. 8. I exp(Q,v) spectra in the mesoscopic time scale measured by IN16 at
Q50.96 Å21 for: ~a! 250 K; ~b! 350 K; and~c! 400 K. The shadowed area
encloses the energy range for the quasielastic intensity integration. Thin and
thick solid lines represent the experimental resolution and the functions
calculated by the model proposed, respectively.
FIG. 9. I exp(Q,v) in the mesoscopic time scale measured by IN16 atT
5400 K for: ~a! Q50.54 Å21; ~b! Q51.06 Å21; and ~c! Q51.85 Å21.
Scale:;2% of the maximum atQ51.85 Å21. Shadowed area encloses the
energy range for the quasielastic intensity integration. Solid lines represent
the functions calculated by the model proposed.
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fore, on the basis of these findings, together with the infor-
mation available in the literature, we can identify the motion
causing theS(Q,t) function to decay at *2 ps as small
angle oscillations of variable amplitude around their equilib-
rium positions. According to what has been observed by
NMR measurements, by molecular dynamics
simulations,28,32,66–68and by our NS experiments, the ampli-
tude of the oscillatory motion would increase with tempera-
ture.
Despite the fact that the main features observed in each
time range are different, it is quite common to find in the
literature of glassforming systems processes with a broad
distribution of characteristic times,2,3,29,69–72and as a conse-
quence, we cannot discard the possibility of both motions
contributing to both dynamic windows. In fact, if we look for
second-order contributions to the main motion in each time
scale, they can be perceived indeed. The effect of the main
motion detected in the microscopic scale~oscillation! would
be most noticeable in the mesoscopic scale at low tempera-
tures ~due to the relatively fast characteristic times of the
oscillatory motion! and at highQs ~due to the small ampli-
tude of the oscillatory motion!. Looking at Fig. 10, we notice
that the temperature at which the integrated quasielastic in-
tensity takes off from the resolution level decreases with in-
creasingQ. In Fig. 11 the low temperature data up to;200
K at low Qs lie in a mess within resolution values, whereas
the 200 K curve at highQ clearly stands above the resolution
level. On the other hand, the main motion observed in the
mesoscopic scale~p-flips! would manifest in the micro-
scopic time scale at high temperatures~when the character-
istic times of the flips are shorter! as a stronger decay of the
S(Q,t) function and more noticeably atQ;1 Å21, where
the maximum modulation for the geometric factor holds. In
Fig. 7~b! it is possible to distinguish this still small effect at
450 K and how the modulation clearly changes towards a
humped shape at temperatures aboveTg .
48 As a conse-
quence, although an independent analysis of the two time
scales provides useful information, a proper and more correct
description of all the features observed requires a model
comprising both motions.
Thus, we present a model scattering function including
both p-flips and rapid small angle oscillations of increasing
amplitude withT for phenylene ring motion in BPA-PSF.
The flip motion would involve the jump of the phenylene
ring over an energy barrier between two equivalent positions.
On the other hand, oscillations would not encounter any sig-
nificant barrier but we could think of them just as being
caused by rapid fluctuations of the single particle potential
seen by the phenylene ring, and produced by the motion of
the surrounding atoms.
B. Model function
In the construction of the model we have considered the
oscillations and flips of phenylene rings as two statistically
independent motions. Under this hypothesis, the total scatter-
ing function for anHar in the time ~energy! domain is the
product ~convolution! of the intermediate scattering func-






The so-calculated scattering function@Eq. ~10!# has sev-
eral elastic and quasileastic contributions. The quasileastic
FIG. 10. Temperature dependence of the integrated quasielastic intensity—
empty symbols—and integrated elastic intensity—full symbols—forQ
;0.88~a! andQ;1.85 Å21 ~b!. The different symbols correspond to theQ
values indicated. Thick dashed lines represent the DWF due to harmonic
vibrations. Thin solid, dotted-dashed, dotted, and dashed lines are the result
of the following calculations, respectively: the integrated elastic and quasi-
elastic intensities~solid lines! and the partial quasielastic contributions of
different addenda in Eq.~11! ~dotted-dashed line, flip term; dotted line,
oscillatory term; dashed line, mixed term!.
FIG. 11. Q dependence of the integrated quasiclastic intensity normalized to
the total intensity in the IN16 window. Different symbols correspond to the
different temperatures indicated. The solid lines show the description ob-
tained by the model proposed. The dashed line represents the@1
2EISF(Q)# for d54.3 Å scaled arbitrarily to show theQ modulation.
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intensity, according to the expression of Eq.~5!, results in the






The contribution of each of the terms in Eq.~11! to the total
quasielastic signal depends on the characteristic rate
Gm (m:flip,osc) andQ range chosen. In the previous section,
we have based our arguments on the analysis of the experi-
mental data in terms ofI exp(Q,v) integrals andS(Q,t) de-
rivatives. The derivative of the intermediate scattering func-
tion dS(Q,t)/d logt, is a weighed sum of the corresponding
derivatives off(t,Gm) andf(t,Gosc)•f(t,Gflip), where the
weights are theQ-depending geometric factors,EISFm•@1
2EISFn(Q)#..., etc. The temperature dependence of the de-
rivatives off(t,Gm) andf(t,Gosc)•f(t,Gflip) functions with
respect to logt are smooth curves, each of them showing a
broad maximum. When the time scale of the motion is much
slower than the times accessible to the spectrometer, i.e., at
low Ts, f(t,Gm) stays constant and equal to 1, and therefore
its derivative is zero. As the temperature increases and the
characteristic time of the motion approaches that of the in-
strumental resolution,f(t,Gm) starts to decay from 1, lead-
ing to a nonzero derivative. As the characteristic time be-
comes faster, the absolute value of the derivative increases,
reaches a maximum, and finally, decreases to zero again
when the time scale of the motion is much faster than the
times accessible for the spectrometer andf(t,Gm) has com-
pletely decayed to zero. Accordingly, when one of the mo-
tions is slow enough so that the corresponding function
f(t,Gm) function remains constant and equal to 1, we re-
cover for the intermediate scattering function the expression
corresponding to one single motion, Eq.~5!.
In an equivalent way, the integrals off(v,Gm) and
f(v,Gosc) ^ f(v,Gflip) functions in a quasielastic window as
a function of temperature will be smooth functions holding a
maximum centered at lower or higher temperature depending
on the value of the characteristic time 1/Gm . When the time
scale of the motion is much slower than the times accessible
to the spectrometer,f(v,Gm) remains narrower than the in-
strumental resolution and gives no quasielastic integrated in-
tensity. When the characteristic time of the motion ap-
proaches that of the instrumental resolution, a nonzero
integral appears. With increasing temperature the character-
istic time of the motion decreases andf(v,Gm) becomes
wider and wider. Thus, the quasielastic integral increases
more and more, reaches a maximum and finally, decreases
when the time scale of the motion becomes much faster than
the times accessible for the spectrometer.
According to what it is established for sub-Tg processes
we have assumed an Arrhenius-type temperature dependence
for both motion rates (Gm)
Gm5G` exp~2Ea
m/KBT!, ~12!
with a preexponential factor (G`) of 10
13s21 and an activa-
tion energyEa
m .
It is known from several studies in the literature that the
dynamics of many sub-Tg processes in glassy systems cannot
be described by a single exponential~time domain! or
Lorentzian~energy domain! function, but require a certain
distribution of characteristic times.2,3,29,69–72This distribution
of characteristic times would have its origin in the packing
heterogeneity at molecular level due to the amorphous char-
acter of polymers. The contribution of the intermolecular in-
teractions to the local potential seen by an atom or group of
atoms would vary from point to point depending on the local
packing. Different local potentials would lead to different
characteristic times for a particular motion, but would not
change the geometry of the motion itself.64,73 As a conse-
quence, we have assumed the incoherent scattering ofHar to
be the sum of several scattering functions coming from pro-






k, inc~Q,t !, ~13!
where(kpk51, and each of theSHar
k, inc(Q,t) functions is de-
fined as in Eq.~10!. The weightpk would be determined by
the distribution of certain undefined structural parameterj




The relation between the structural parameterj and the
local potential defining the characteristic time of the motion
would be different for different motions depending on their
specific nature, since some motions are more influenced by
inter/intramolecular interactions than others. As a conse-
quence, the functional relation betweenj and the localEa
osc
and betweenj and the localEa
flip might not be the same. In
any case, if the characteristic time of the motion in a certain
local environment is parametrized by an activation energy
Ea
m , the activation energies will be distributed as well as a












The interpretation of the distribution in Eq.~13! in terms
of packing effects implies that large characteristic times for
flips occur in a local environment with large characteristic
times for oscillation, and otherwise, low characteristic times
for flips occur together with low characteristic times for os-
cillations. That is, although the two motions have been con-
idered statistically independent, the activation energies for
both motions in a certain local environment are assumed to
be correlated.
Up to now we have been dealing with the modeling of
the incoherent scattering of hydrogen because it dominates
th measured scattering cross section@Eq. ~1!#. Nevertheless,
neutron polarization analysis reveals that it is necessary to
introduce coherent contributions as well, to reproduce the
experimental intensities. The total coherent signal and the
431J. Chem. Phys., Vol. 120, No. 1, 1 January 2004 Phenylene ring dynamics in BPA-polysulfone
incoherent signal of atoms other than hydrogen have been
considered elastic in a first approximation. In fact, the coher-
ent scattering of motions which do not alter the configuration
of the system~such as methyl group threefold rotation or
phenyl ringp-flip! are purely elastic. On the other hand, the
incoherent scattering cross section of atoms other than hy-
drogen (s inc
other) is really negligible~13 barns/monomer out of
1297 barns/monomer!. Taking into account all these contri-
butions, the scattering function used to describe the data was





inc ~Q,t !G ,
~16!
where (ds/dV)coh is the coherent differential cross section,
and SHar
inc (Q,t) is that defined in Eq.~13!. In order to com-
pare the model and the experimental functions,I model(Q,t) is
normalized to its static~low-T! value, whereas in the energy
domain,I model(Q,v) @the energy counterpart of Eq.~16!# is
convoluted withR(Q,v).
C. Model calculations
The theoretical scattering functions were calculated by
means of Eq.~16! together with Eqs. from~5! to ~8!, ~10!,
~12!, and ~11!. In order to compare the model with the ex-
perimental results, the quantities used in Sec. III for data
analysis and characterization were obtained. Thus,A(Q,T)
andB(Q,T) functions in the microscopic time scale and in-
tegrated intensities in the mesoscopic time scale were calcu-
lated. As can be appreciated from the inspection of the equa-
tions used, there is a relatively large number of parameters
involved in the calculation of the model function. However,
many of these parameters are fixed within the framework of
our model: ~i! the scattering cross sections for PSFd6 are
those given in section II;~ii ! the coherent scattering has been
experimentally determined by polarization analysis measure-
ments at D7; and~iii ! the EISF(Q) of the slower motion, i.e.,
EISFflip , is that resulting from ap-flip of a phenylene ring,
i.e., that of a jump between two equivalent positions@Eq.
~8!# with d54.3 Å. The remaining free parameters are: the
DWFeff , the parameters defining the distributions of activa-
tion energies for the two motions~which we will call ‘‘dy-
namic’’ parameters!, and the EISF(Q) for the small angle
oscillations of variable amplitude.
The EISFosc(Q) has been parametrized by means of a
Gaussian distribution of oscillation amplitudes around 0° of
width su(T). For the dynamic parameters, in a first attempt
Gaussian distributions of activation energies for the flip and
oscillatory motions were assumed. This leads to a linear re-
lation betweenEa
osc andEa
flip in each local environment@Eq.
~15!# and therefore to the same kind of functional relation
with j for both activation energies. However, for reproducing
experimental data, such a symmetric distribution ofEa
osc ex-
tended to unphysical negative values ofEa
osc. As a conse-
quence, we have used an asymmetric distribution forEa
osc










whereG(p) is the Gamma function,p determines simulta-
neously the variance and the asymmetry, and^Ea
osc& is the
mean value ofEa
osc. This kind of distribution is zero for
negative values of theEa







The values of the free parameters were determined after
an iterative process as follows:
~1! First, from the Q;1.94 Å21 data in the microscopic
time scale, we obtained a first guess for the geometric
and dynamic parameters for oscillations
@^Ea
osc&,p,su(T)# assumingfflip(t) to be 1. This as-
sumption is quite reasonable because flips are too slow
to enter the IN6 window, in view of theQ modulation
observed for the microscopic scale data below 450 K
~Fig. 7!. In addition, at thisQ value the coincidence of a
minimum for (12EISFflip) and the highest (1
2EISFosc) value observable in theQ range accessible,
makes the relative weight of ‘‘flip terms’’ low. The
DWFeff was fixed to DWF2 ps.
~2! Then, fixing the parametrization of the oscillatory mo-
tion as obtained in the previous step, we tested in the
mesoscopic time scale atQ;0.88 Å21 the dynamic pa-
rameters for flips@^Ea
flip&,sflip#. At that Q value, (1
2EISFflip) is maximum and the relative contribution of
oscillations to the quasielastic intensity is minimized due
to geometric factors@see Eq.~11!#.
~3! The values of the free parameters determined in the pre-
vious steps were finally refined by comparison with the
experimental data at allQ and temperatures in a sort of
iterative process.
This refinement proccess only led to a minor change in
the values of the initial parameters. We are aware, of course,
that such a procedure implies that there might exist another
group of parameters describing the data as well. After this
procedure, we estimate a maximum error of 5% for the val-
ues obtained. The dynamics parameters found are shown in
Table I.
TABLE I. Dynamic parameters defining the distributions of activation en-







aNMR measurements, Ref. 74.
bNMR measurements~Refs. 72, 75, 76!.
cMS measurements, Ref. 10.
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V. DISCUSSION
All the experimental features are reproduced with high
accuracy by the model, as can be seen in Figs. 5 and 6 and
8–11. In Fig. 4 we have depicted the m.s.d. deduced from
the DWFeff . We remind that it gives account for vibrations
and other fast processes below;2 ps. According to the re-
sults shown in Fig. 5, the closeness of the total m.s.d.
~circles! and the effective m.s.d.~dotted-dashed line! con-
firms that the motions leading to deviations from the har-
monic behavior mainly occur att,2 ps. The difference be-
tween the total m.s.d. and the effective m.s.d. reflects the
increase of the mobility due to the sub-Tg relaxation pro-
cesses. It is these processes for which our model is proposed,
and therefore the calculated curves in Fig. 5 only aim to
describe the experimental results fort.2 ps—the faster pro-
cesses are parametrized by DWFeff . The calculated interme-
diate scattering functions describe very nicely the experi-
mental data up to 400 K. We attribute the slight differences at
450 K to the onset of the glass transition. In fact, the values
of A(Q,t) at 450 K~Fig. 6! lie off from the general trend for
lower temperatures. The trend belowTg is perfectly captured
by the model.
Moving to the mesoscopic time scale, Figs. 8 and 9 show
the I model(Q,v) functions calculated for several temperatures
andQ values. A very good agreement is again found between
the theory and the experiment. Not only theQ- but the T
dependence of the spectra is described in a very satisfactory
way. This is also evidenced when comparing the results in
terms of the integrated intensities. The calculated integrated
quasielastic and elastic intensities are represented in Fig. 10
with solid lines. Dotted-dashed, dotted, and dashed lines rep-
resent the quasielastic contributions from the different terms
in Eq. ~11!: flip, oscillatory, and mixed term, respectively. At
intermediateQ values the relatively small geometric factor
for f(v,Gosc) andf(v,Gosc) ^ f(v,Gflip) in Eq. ~11! makes
the contribution of (v,Gflip) dominant. At higherQ values,
all the contributions are almost equally important. This can
be realized from Figs. 11 and 12 showing theQ dependence
of the integrated quasielastic intensity normalized to the total
intensity in the IN16 window. In Fig. 12 the partial contri-
butions of the flip, oscillatory, and mixed terms are depicted
for T5300 K. It is worth mentioning that the consideration
of the coherent contributions in the model makes it possible
to properly reproduce the observedQ modulation of the nor-
malized quasielastic intensity~see Fig. 11!. This is clearly
demonstrated for the highest temperature 450 K in Fig. 11.
At such a high temperature the modulation of the quasielastic
intensity is mainly determined by thep-flip motion ~oscilla-
tions become too fast to contribute to the IN16 window!.
Figures 10, 11, and 12 show that the oscillatory motion
really extend to the mesoscopic time scale, and evidence
how important is to combine measurements at different time
scales to properly interpret and describe the data. If a single
motion was producing the quasielastic broadening in the me-
soscopic time scale, theT dependence of the integrated
quasielastic intensity would be the same for differentQ val-
ues@factorization in Eq.~5!#. Furthermore, if we considered
that the fast motion observed in the microscopic time scale is
fast enough to completely decay before entering the IN16
window—i.e., that it produces intensity decay but not quasi-
elastic broadening—we could model it by including the fast
motion in an effective DWF for the IN16 spectra: DWFeff
IN16
5DWFeff•EISFosc(Q) ~see Fig. 2!. In such a case, the inte-
grated quasielastic intensity normalized to the total inte-
grated intensity in the IN16 window~shown in Fig. 11!
would follow just the modulation imposed by the@1
2EISF(Q)# of the slower motion~apart from the slight
changes introduced by coherent modulation in the total in-
tensity!. However, what we observe is that the modulation
imposed by@12EISFflip(Q)# is only followed at highT,
where a clear maximum is observed around 1 Å21, and, in
contrast, the low temperatureQ dependence is rather differ-
ent, monotonically increasing withQ rather than showing a
maximum~see Fig. 12!.
Now, let us discuss the results obtained for the geometric
and dynamic parameters of the phenylene ring motions. The
Q dependence of the scattering function has allowed us to
determine the geometry of the oscillatory motion. The width
of the distribution of oscillatory amplitudes around 0° was
found to increase withT. This temperature dependence can
be described by the power lawsu(T)50.6T
0.67. For in-
stance, at room temperature we findsu;27°. On the other
hand, the good agreement between theory and experiment
concerning theQ dependence of the intensities corroborates
the assumption of 180° rotations for the geometry of the
slow phenylene ring motion.
Figure 13 shows the distribution of activation energies
educed for oscillations~solid line! and flips ~dashed line!
and the relationship betweenEa
flip andEa
osc in the local envi-
ronments~inset of the figure!. Both motions present broad
distributions ofEa presumably due to the packing heteroge-
neity produced by the amorphous character of polymers. The
motions, being broadly extended in time through several or-
ders of magnitude, can contribute to the different time win-
dows available in NS instruments. The fact that not only the
characteristic time of the flip process is broadly distributed
FIG. 12. Experimental~d! and calculated~thick solid line! integrated quasi-
elastic intensities normalized to the total intensity in the IN16 window for
T5300 K. The dotted-dashed, dotted, and dashed lines represent the partial
contributions of the flip, oscillatory, and mixed terms, respectively. The thin
solid line represents the resolution.
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but also the characteristic time of the oscillatory motion, is
noteworthy. A purely intrachain origin of the small amplitude
fast motion should in principle lead to a narrow characteristic
time distribution. Equations~14! and ~15! show that thej
derivatives ofEa
m , i.e., the dependence of the activation en-
ergy with packing, relate to each other through the relation
betweenEa
flip andEa
osc. This relation is nonlinear~solid line
in the inset of Fig. 13!, reflecting the fact that the packing
affects oscillations and flips in different ways. The dashed







osc, experimentally obtained. For small values of the local
potential ~presumably for low packing! Ea
flip depends in a
stronger way on the local packing thanEa
osc ~see the dashed
line in the inset of Fig. 13!. Nevertheless, for larger poten-
tials ~higher packing degree! the oscillatory motion is also
affected by packing andR tends to 1. Thus, the broad distri-
bution of characteristic times obtained points to some degree
of cooperativity or interchain contribution also for the small
amplitude motion. A close relation between the different mo-
tions within a polymer, would favor ‘‘lattice’’ reorganization,
the creation of large motionally activated volume, lower de-
gree of friction during chain sliding,...etc., factors which are
believed to benefit mechanical properties.45,46
The values found for the dynamic parameters together
with other taken from the literature for comparison, are listed
in Table I. The mean activation energy^Ea& for the flip of the
phenylene ring~Fig. 13, Table I! is found to be 0.5060.01
eV. This value agrees well with those obtained from
NMR30,32,34,71for the same motion, and also agrees with the
apparent̂ Ea& of theg relaxation observed by MS and DS in
similar systems.6,10,15,77^Ea& for phenylene ring oscillations
~Fig. 13, Table I! is noticeably lower than that for the flip.
The only experimental reference we found for theEa of phe-
nylene ring oscillation gave a value between 0.16 and 0.23
eV for PC.74 On the other hand, Duvalet al.53 observed in
their TOF-NS data of PC a smooth decay of the intermediate
scattering function at times*2 ps similar to that observed
here. They characterized it in terms of a single characteristic
time obtaining, in their own words, a rather impreciseEa of
0.11 eV, and attributed it to molecular group motions in gen-
eral.
At this point, we want to note the different physical
meaning of the activation energies obtained in the present
framework. Whereas the activation energy for flipsEa
flip rep-
resents a real potential barrier over which phenylene ring
jumps,Ea
oscdoes not. In the scenario we propose, oscillations
would be caused by rapid fluctuations of the single particle
potential. Under this interpretation,Ea
osc would measure the
barrier of the molecular motions perturbing the single par-
ticle potential for phenylene rings. Among all the different
molecular motions taking place in PSF, we could consider
fast MG rotations and small amplitude main chain motions
as a possible origin for such fluctuations. After literature re-
vision, we found interesting the fact that the^Ea& for both,
MG rotation in PC and PSF~between 0.18 and 0.21
eV!72,75,76 and the low temperatured-relaxation in some
p-phenylene polymers as seen by MS~between 0.19 and 0.26
eV!10, are very similar to thêEa& for phenylene ring oscil-
lation. That is, all the different activation energies found in
the literature for several fast processes more or less linked to
phenylene rings, lie within the distribution of activation en-
ergies found here for the oscillatory motion of phenylene
rings. Moreover, the characteristic times for MG rotation are
also broadly distributed in contrast to what could be expected
for a quite local motion.72,76,78–80The similarity found for
the mean values of the activation energy for ring oscillation
and MG rotation, together with the broad distribution of
characteristic times observed for both motions, would sug-
gest that both motions are somehow correlated. In agreement
with this idea, Biceranoet al. found that the energy required
for MG rotation in diphenylpropane model compound de-
creased when little motion of the adjacent phenylene ring
was allowed.36 We interpret that the distribution ofEa
osc does
not represent a real energy barrier for the phenylene motion,
but measures the barriers~or characteristic times! of all the
motions causing the local potential to fluctuate. Therefore,
the broadening of the distribution would reflect the correla-
tion between ring oscillations and other molecular motions
through fast fluctuations of the local potential. The number
of works mentioning correlations between different motions
in BPA polymers is very high: phenylene ring oscillations
and main chain small amplitude motions gating flips, MG
otations in concert with ring oscillations, different phe-
nylene rings separated by the ether or isopropylidene groups
flipping simultaneously,...etc. The local motion of a molecu-
lar unit, although small in amplitude, would produce via the
relations mentioned above far-reaching dynamic fluctuations,
the effect of the motion extending to a much larger volume
than that covered by the motion itself. This high mobility is
probably the key ingredient leading to differences in the me-
chanical properties between polymers with similar entangle-
ment degree and molecular weight. The activation of differ-
FIG. 13. Activation energy distributions for the flip~dashed line! and oscil-
latory motion~solid line!. Inset:Ea
osc ~solid line!, andR ~dashed line! as a
function of Ea
flip .
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ent conformational motions would reduce steric constraints
between chains and therefore reduce the resistance for chains
to slide relative to one another when an external stress is
applied, and thus, favoring yielding.45 Moreover, it would
prevent nanovoids from stabilization before they could grow
in size and form crazes in a kind of competitive kinetic pro-
cess between nanovoid formation and molecular motion
rearrangement.46
VI. CONCLUSIONS
The main conclusions of this work can be summarized
as follows:
~1! NS is a valuable technique to investigate local mo-
lecular motions in polymers deep in the glassy state. The
combination of several instruments~time scales! is crucial
for a good dynamic characterization of molecular motions.
~2! The fast oscillatory motion seems to emerge from
the fluctuation of local phenyl ring environment. Phenylene
ring fast oscillations of increased amplitude withT and
slower rotations~flips! present broad distribution of charac-
teristic times, extending over several orders of magnitude.
~3! The average time scale of the oscillatory motion for
phenylene rings is very close to those found for MG rotation
andd relaxation in similar polymers. This facts suggest: on
the one hand, some kind of cooperativity between MG rota-
tion and phenyl ring motion, which would favor mechanical
properties, and on the other hand, that those oscillations,
and/or the motions intimately linked to them, may be the
molecular origin of the mechanic low-T d-relaxation.
~4! The activation energies found for phenylene ring
p-flips agree well with that found for MSg relaxation in
symilar systems, confirming one more time their close rela-
tion and suporting a role for phenylene ring motion in me-
chanical properties. Nevertheless, when comparing the aver-
age time scale for the phenylenep-flips with the literature
results on the time scale of theg relaxation, it is found that,
despite the rather different values reported, the phenylene
ring motions are systematically slower. This would evidence
that other faster molecular motions are also relevant for de-
termining the good mechanical properties of this type of en-
gineering thermoplasticsg relaxation.
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